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Background: X-ray telescopes are powerful tools for the study of neutron stars and black holes. In order to
probe such fascinating astrophysical objects future X-ray telescopes will carry superconducting transition-edge
sensors. The analysis of the signals produced by X-rays absorption onto transitional-edge sensor is already mature.
Several methods have already been developed (e.g., principal component analysis, nonlinear optimal filtering or
high-rate processing method) to analyse the pulses that result from X-rays absorbed in these sensors.
Purpose: Our goal is to develop a lightweight, linear filter that will maximize energy and time resolution when
X-ray photons are detected by transition-edge sensors. Such a method could be implemented in the new generation
of X-ray space telescopes. Furthermore, we find the minimal sampling rate that will not degrade the energy and
time-resolution of these techniques.
Method: Our method is designed for the widest range of photon energies (from 0.1 keV to 30 keV). Transition-
edge sensors exhibit a non-linear response that becomes more pronounced with increasing photon energy; therefore,
we need to treat high-energy photons differently from low-energy photons. In general, the switching-point energy
depends on the properties of the detector and corresponds to the energy of the photon that begins to saturate the
superconductor to normal transition of the TES (at about 4.6 keV here). In order to retrieve the energy and the
arrival time of the photon, we fit simulations of the evolution of the current including the typical noise sources in
a sensor with simulated theoretical models. The curve-fitting parameters are interpolated to extract the energy
and time resolution.
Results: For energies from 0.1 keV to 30 keV and with a sampling rate of 195 kHz, we obtain a 2σ-energy
resolution between 1.67 eV and 6.43 eV. Those results hold if the sampling rate decreases by a factor two. About
time resolution, with a sampling rate of 195 kHz we get a 2σ-time resolution between 94 ns and 0.55 ns for a
sensor with the physical parameters as those used in the HOLMES experiment.
Conclusions: We have successfully developed a new method that enables to maximize the energy and the arrival
time of photons detected by a TES, using a very simple implementation. In order to make this method useful on
a larger scale, it will be essential to get a more general description of the noise in a TES, and it will be necessary
to develop a robust way to identify pile-up events.
I. INTRODUCTION
X-ray telescopes enable us to study fascinating com-
pact objects, such as neutron stars and black holes. In
the future, several missions, e.g., Athena [1], Colibrì [2] or
Lynx [3], are planned to carry arrays of superconducting
transition-edge sensors (TESs). Consequently, maximiz-
ing energy resolution and timing for photons detected
with such sensors is a crucial goal in X-ray astronomy
[4].
Recently, several techniques to analyze X-ray data
from transition-edge sensors have been developed, such as
principal component analysis [5], optimal filtering of the
resistance signal [6], nonlinear optimal filtering [7] and
optimal fitting [8–10]. Those techniques achieve an en-
ergy resolution between 0.7 keV and 3.4 keV full width at
half maximum (FWHM), for low energies (below 6 keV).
However, those techniques may be difficult to implement
easily on an X-ray space telescope.
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Therefore, we propose a new and lighter method, in or-
der to get the energy and the arrival time of photons de-
tected by a TES. We aim to use this technique to predict
the behavior of the new generation of non-focusing X-ray
telescopes. Indeed, such X-ray telescopes will be study-
ing variable X-ray emissions coming from neutron stars
and black holes, and probe the region very close to them,
where the dynamical timescales of those region are of the
order of microseconds. Since accreting neutron stars and
black holes shine bright in the 0.5 − 10 keV range, we
developed a technique that maximizes time and energy
resolution over the widest range of photon energies (here,
from 0.1 keV to 30 keV).
This paper first describes our detector model and how
events were simulated. We next address the issue of noise
in TESs and present our method that enables to maxi-
mize energy resolution and timing. Finally, we discuss
the outcomes.
2II. TRANSITION-EDGE SENSORS TO DETECT
X-RAYS
A. Detector model
A transition-edge sensor is made of a superconduct-
ing metal film functioning near its transition temperature
(typically 0.1 K). While electrons move freely in a super-
conducting metal, they encounter some significant resis-
tance when the metal switches to its normal phase. The
transition from superconductor to normal metal occurs
within about a narrow 1 mK change in the temperature,
but results in a large change in resistance. Thus after an
X-ray photon deposits energy in the sensor, the super-
conductor heats up, the resistance increases, the electric
current drops and an X-ray photon is detected.
Indeed, when an X-ray photon hits a TES, the pro-
vided energy provokes the needed rise in temperature for
the transition to happen; therefore measuring how much
the intensity of the current diminishes and how long the
sensor takes to recover enables us to determine the energy
of that photon. Finally, after the absorption of a photon,
a TES needs to be cooled down to its initial tempera-
ture by using a cooling bath, at temperature Tbath, in
order to be able to detect the next photon. In this work,
we simulated current pulses in a TES, using differential
equations from the Irwin-Hilton model [11]. The tem-
perature T and the current I of the detector evolve as
follows
dI
dt
= −
R(T, I) +RL
L
I +
V
L
, (2.1)
dT
dt
=
R(T, I)
CV
I2 −
k
CV
(T n − T nbath), (2.2)
where the detector resistance is given by [7]
R(T, I) =
RN
2
{
1 + tanh
[
T − TC + (I/A)
2/3
2 ln(2)TW
]}
.
(2.3)
We assume that the physical parameters in Eq. (2.1),
Eq. (2.2) and Eq. (2.3) are the same as for detectors
being developed at NIST (National Institute of Standards
and Technology) for the HOLMES experiment. Those
parameters are summarized in [12] and are reported in
Table I.
In order to test those parameters, we ran our TES
simulation without any photon arrivals. We replaced
R(T, I) by R0 in Eq. (2.1) and Eq. (2.2), and we used
the initial temperature T0 and current I0 given in Ta-
ble I. We obtained a slightly different current at quies-
cence, I0 = 63.87 µA. This new current at quiescence is
the one that will be used throughout this work.
B. Simulations of events
In order to develop a method that gives the energy and
the arrival time of incoming photons, while maximizing
TABLE I. Physical parameters used for detectors being de-
veloped at NIST for the HOLMES experiment [12].
Physical parameters
Assumed Derived
n = 3.25 V = 146.9 nV
k = 23.3 nW.K−n TW = 0.565 mK
Tc = 0.1 K A = 1.133 A.K−3/2
CV = 0.5 pJ.K−1 T0 = 0.0980 K
RL = 0.3 mΩ I0 = 63.85 µA
Tbath = 0.07 K
RN = 10 mΩ
R0 = 2 mΩ
L ∈ {12, 24, 48a} nH
a We use this value of inductance throughout this work, except
mentioned otherwise.
TABLE II. Sampling parameters used for simulations of
events in a TES.
Sampling parameters
Acquisition time: Ts = 1.28 ms
Number of points: Sampling interval: Sampling rate:
N ∆t (µs) fs (kHz)
250 5.12 195a
125 10.2 97.7
62 20.6 48.4
31 41.3 24.2
13 98.5 10.2
a All plots are at this sampling rate, except where mentioned
otherwise.
the resolution for those two parameters, we simulated
single events. To simulate each photon arrival, we solved
Eq. (2.1) and Eq. (2.2) letting the initial temperature
and current of the TES be:
T0,γ = T0 +
Eγ
CV
, (2.4)
I0,γ = I0, (2.5)
where Eγ is the energy of each simulated incoming pho-
ton. The current evolution is shown in Fig. 1 for a 7 keV
photon. We observe that current in a TES drops with a
relaxation time of about 0.5 ms, which limits how much
the acquisition time can be reduced.
We generated single events at energies in the 0.1 −
30 keV range, for the three different values of inductance
coming from Table I. We observed that the total drop in
the current in the TES increases with the energy of the
incoming photon, until it clearly saturates for Eγ ≥ 10
keV. Once the current drop saturates, the relaxation time
increases significantly with the energy of the incoming
photon. Those two simple observations, are the basis of
the method we have developed.
In order to illustrate those two observations, we plot
the maximum current drop in the TES as a function of Eγ
(see Fig. 2), and the FWHM of the current drop as a func-
tion of Eγ (see Fig. 3). The maximum current drop has
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FIG. 1. Change in current for a single event in a TES. The
incoming photon has an energy of 7 keV.
a linear behavior for Eγ ≤ 4.6 kev, whereas the FWHM
of the current drop becomes linear for Eγ ≥ 4.6 kev. Al-
though the magnitude of X-ray pulses as a function of
energy has already been used to retrieve the energy of
an incoming photon [13], the energy resolution obtained
at high-energy is poor because TESs have a very non-
linear response. Consequently, to maximize time and
energy resolution for X-ray photons, we need to treat
high-energy and low-energy photons with two different
techniques. In general, the switching-point energy de-
pends on the properties of the detector and corresponds
to the energy of the photon that begins to saturate the
superconductor to normal transition of the TES.
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FIG. 2. Maximum current drop in a TES as a function of the
energy of the incoming photon.
III. NOISE IN A TRANSITION-EDGE SENSOR
Two irreducible sources of noise in a TES are ther-
mal fluctuation noise (also known as phonon noise), and
Johnson–Nyquist noise [14]. Thermal fluctuation (TF)
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FIG. 3. FWHM of the current drop in a TES as a function
of the energy of the incoming photon.
noise is the statistical fluctuations that arise from en-
ergy exchange between the detector and the heat sink.
Johnson–Nyquist (JN) noise is produced by the thermal
agitation of electrons in a TES, in other words, it is the
electronic noise at equilibrium.
In order to implement our method, we first need to add
noise to our simulations. Following the power spectrum
of the ARMA-generated noise used in [12], we generate a
power spectral density (PSD) for the thermal fluctuation
noise and for the Johnson-Nyquist noise, at equilibrium:
PSDeqTF(f) =
9.4× 10−21
1 +
(
f
4×103Hz
)2 A2Hz−1 (3.1)
PSDeqJN(f) = 0.6× 10
−21 A2Hz−1, (3.2)
where the variables with indices “eq” are taken at equi-
librium. The PSD of the total noise is simply the sum
of the two PSDs. Then, we convert these power spectral
densities into real noise signals, for each type of noise by
performing an inverse Fourier transform using each power
spectral density with randomly chosen phases; that is, we
assume that the two noise sources are uncorrelated and
add them incoherently.
In order to account for non-stationary effects in the
noise [14], we scaled both these noises sources at equi-
librium, using current, temperature and resistance in a
TES at a given moment, tj :
Nnon-eqTF (tj) =
T
R
Req
Teq
dR
dT
(
dR
dT
)−1
eq
N eqTF(tj) (3.3)
Nnon-eqJN (tj) =
√
T
R
Req
Teq
N eqJN(tj). (3.4)
The total noise is simply the sum of the two noise sig-
nals. In order to obtain the resulting equilibrium and
4non-equilibrium PSDs, we perform a Fourier transform
of the noise signals, yielding resulting depicted in Fig. 4.
We compare the PSDs of the total non-equilibrium noise
(averaged over 1,000 iterations) to the one at equilib-
rium. They slightly differ for photons with high ener-
gies because of the scaling effects in non-stationary noise
[11]. As the sensor cools from absorbing a 9.5 keV pho-
ton, the thermal fluctuation noise is slightly larger than
at equilibrium and conversely the Johnson-Nyquist noise
is slightly smaller. Simulating these non-stationary noise
signals enables us to test our methods in close-to-real
conditions.
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FIG. 4. Comparison between the non-equilibrium PSDs
(dashed lines) and the ones at equilibrium (solid lines). The
Johnson-Nyquist noise has a constant PSD whereas the ther-
mal fluctuation noise has a PSD which drops off at high fre-
quencies. The incoming photon has an energy Eγ = 9.5 keV.
IV. MEASURING THE ENERGY AND THE
ARRIVAL TIME OF AN INCOMING X-RAY
PHOTON
We now present our method to maximize energy and
time resolution for photons hitting a TES. We use the
physical parameters outlined in Tab. I with L = 48nH
and a sampling interval of 5.12 µs.
A. High-energy photons
As explained in Sec. II B, we need to treat photons
differently according to their energy. In this section, we
develop a technique to measure energy and arrival time
for high-energy photons. We first describe our method
through an example. We simulate a single event at 9.5
keV, with L = 48 nH. We work with that inductance
so that the onset of the pulse can be resolve even with
sampling rates less than 100 khZ. We then use a theo-
retical model at 7 keV to fit the noisy pulse. This model
was obtained by interpolating current-drop simulations,
described in Sec. II B, at a given energy. We split this
theoretical model in two parts (see Fig. 5), the “onset”
part, and the “decay” part:
Ionset =
3
4
ITES(t < tmax) (4.1)
Idecay =
3
4
ITES(t > tmax), (4.2)
where 3/4 is a numerical factor that enables to have
enough points for curve fitting while avoiding effects from
the shape of the current-drop maximum, and tmax is the
time at which the current drop is maximum. The “onset”
part enables us to obtain the arrival time, whereas the
decay part enables us to get the energy of the incoming
photon. The theoretical model was chosen for an event
at 7 keV; we however do not expect the energy of the the-
oretical model to affect the resolution, as long as it has
a large enough energy to saturate the transition, that is,
E > 4.6 keV.
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FIG. 5. Single event at Eγ = 9.5 keV, and theoretical model
at Eγ = 7 keV. We zoom in (box) to attest the presence of
noise in the simulation.
The curve-fitting model is the following:
Ifitonset = konsetIonset(t− tonset), (4.3)
Ifitdecay = Idecay(t− tdecay). (4.4)
We then ran simulations for energies between 0.1 keV
and 30 keV, and retrieved the parameter values for each
energy. The response of konset is linear at low energies,
which gives a first glimpse of the method used for low-
energy photons. On the other hand, the response of
(tdecay − tonset) is linear at high energies, therefore this
parameter is used to obtain the energy of the incoming
photon. The parameter tonset is used to get the arrival
time. In our simulations, the actual arrival time is zero,
so the value of tonset in the simulations yields the uncer-
tainty in the measurement arrival times.
5Finally, for each photon energy, we run 1,000 simu-
lations and retrieve the energy and arrival time uncer-
tainty. Going back to our example where we fit a photon
of energy 9.5 keV, we obtained the energy of the incom-
ing photon with an uncertainty of {+2.35 eV, −2.23 eV}
within the 68-percent confidence region. Moreover, the
resolution on the arrival time is {+0.45533 ns, −0.48716
ns} with 68-percent confidence.
B. Low-energy photons
In this section, we develop a technique to measure en-
ergy and arrival time for low-energy photons. We simu-
lated a single event at 0.5 keV. We then used a theoretical
model at 1 keV to fit the whole noisy pulse [8–10]. This
is showed in Fig. 6.
The curve-fitting model is the following:
Ifitshape = kshapeIshape(t− tshape), (4.5)
We then ran the simulations for energies between 0.1 keV
and 30 keV, and retrieved the parameters for each energy.
The response of kshape is linear at low energies, this is
therefore the parameter that we use to obtain the energy
of the incoming photon. The parameter tshape is used to
determine the arrival time.
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FIG. 6. Single event at Eγ = 0.5 keV, and theoretical model
at Eγ = 1 keV. We zoomed in (box) to attest the presence of
noise in the simulation.
Finally, for each energy, we run 1,000 simulations and
retrieve the energy and arrival time uncertainty. Going
back to our example, we obtained the energy of the in-
coming photon with a resolution of {+0.87 eV, −0.83
eV}. In addition, the resolution on the arrival time is
{+11.69120 ns, −10.84495 ns}. Both of these results are
68-percent confidence intervals.
C. Energy and arrival time resolution
We now summarize the energy resolutions for all pho-
ton energies in Fig. 7. As one would expect, kshape
gives the best energy resolution at low energies and
tdecay − tonset gives it at high energies. One can see
that the switching point energy is at about 4.6 keV. Our
method enables us to reach an energy resolution at 2σ
between 1.67 eV and 6.43 eV, for 0.1 keV < Eγ < 30 keV.
Regarding the arrival time, one can notice that the res-
olution saturates at high energies. Our method enables
us to reach a resolution at 2σ between 94 ns and 0.55 ns,
for 0.1 keV < Eγ < 30 keV (see Fig. 8).
These resolutions were obtained with a very simple
method, which is promising for future analysis of X-ray-
telescope data. However, pile-up events are known to
alter the obtained resolution [15]. Therefore, whenever
a consistent photon energy cannot be retrieved with our
method, the event can be treated separately as a pile-up
event.
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FIG. 7. Energy uncertainty range (within 2σ), for the param-
eters tdecay − tonset and kshape; as a function of Eγ .
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FIG. 8. Arrival time uncertainty range (within 2σ), for the
parameters tonset and tshape, as a function of Eγ .
6V. ENERGY AND TIME RESOLUTION FOR
DIFFERENT PARAMETERS OF A TES
The resolution obtained depend on the physical pa-
rameters of a detector, such as the sampling rate and the
heat capacity. Consequently, we need to change those pa-
rameters to see how the resolution is impacted. We also
digitized the signal with 16 bits to see how the resolution
would be affected by signal processing.
For simulations at 195 kHz, we use the better energy
resolution given by either (tdecay − tonset) or kshape, and
the best time resolution given by either tonset or tshape.
However, for lower sampling rates not enough points are
present in the onset part of the curve fitting. Therefore,
for those lower sampling rates, we use the better energy
resolution given by either (tdecay − tshape) or kshape, and
the time resolution is given by tshape.
Energy resolutions for different TES parameters are
showed in Fig. 9. One notices that digitizing the signal
with 16 bits has no effect on energy resolution and time
resolution, which is a promising result for a future use
of this method on a real telescope. Increasing the heat
capacity however diminishes our energy resolution at low
energies. Reducing the sampling rate to 97.7 kHz doesn’t
influence our energy resolution; this enables us to use
lower sampling rates than in previous methods [5]. One
can see that if the sampling rate goes as low as 48.4 kHz,
then the energy resolution decreases by a factor two. To
account for the decrease in resolution with lower sampling
rates, one could be tempted to increase the heat capacity
and the acquisition time. However this would increase
the FWHM of the signal and would not let enough time
to the TES to cool down for the next incoming photon.
Consequently, the sampling rate is the only parameter
that can be modified without losing significant resolution.
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FIG. 9. Energy uncertainty range (within 2σ) for different
parameters of the TES.
Changing the TES parameters affects the time resolu-
tion as well, but in any case it remains far below 1 µs.
VI. CONCLUSION
TESs are key elements for future X-ray astrophysics
telescopes [16]. While retrieving the energy and the ar-
rival time of a photon detected by a TES is not new; we
have successfully developed a new method that enables to
optimize the measurements of the energy and the arrival
time of photons detected by a TES, using a very simple
linear-filter implementation. Such a simple method is
promising for future X-ray analysis. Our method treats
high-energy photons and low-energy photons separately.
Indeed, since TESs have a very non-linear response, scal-
ing effects in non-stationary noise are more important at
high energies. We retrieve the energy and arrival time of
low-energy photons by fitting the entire current drop in
a TES and by interpolating the magnitude of the drop
as a function of the energy. This technique is not new,
but gives poor results for high-energy photons. Conse-
quently, for the latter, we developed a new technique; we
use the width of the current drop instead of its size, by
splitting the curve fitting in two parts. In order to work
in closest to real conditions, we generated non-stationary
noise in a TES. We noticed that using stationary noise
does not change the energy resolution at low-energies,
but does for high-energies (where the scaling effects are
more important).
We successfully retrieved energy and arrival time for
an incoming photon, with resolutions similar to the ones
obtained with previous methods at low energies. How-
ever, thanks to our new technique, we improve the energy
resolution for high-energy photons.
In order to make this method useful on a larger scale,
it will be essential to get a more general description of
the noise in a TES, and it will be necessary to develop
a robust way to identify pile-up events. Eventually, we
will determine how to efficiently deal with real-time pro-
cessing, and therefore enable its implementation in future
X-ray telescopes.
ACKNOWLEDGMENTS
This work was supported by the Natural Sciences and
Engineering Research Council of Canada, the Canada
Foundation for Innovation, the British Columbia Knowl-
edge Development Fund. This research has made use
of NASA’s Astrophysics Data System Bibliographic Ser-
vices.
7[1] D. Barret, T. Lam Trong, J.-W. den Herder, L. Piro,
M. Cappi, J. Houvelin, R. Kelley, J. M. Mas-Hesse,
K. Mitsuda, S. Paltani, G. Rauw, A. Rozanska, J. Wilms,
S. Bandler, M. Barbera, X. Barcons, E. Bozzo, M. T. Ce-
ballos, I. Charles, E. Costantini, A. Decourchelle, R. den
Hartog, L. Duband, J.-M. Duval, F. Fiore, F. Gatti,
A. Goldwurm, B. Jackson, P. Jonker, C. Kilbourne,
C. Macculi, M. Mendez, S. Molendi, P. Orleanski, F. Pa-
jot, E. Pointecouteau, F. Porter, G. W. Pratt, D. Prêle,
L. Ravera, K. Sato, J. Schaye, K. Shinozaki, T. Thibert,
L. Valenziano, V. Valette, J. Vink, N. Webb, M. Wise,
N. Yamasaki, F. Douchin, J.-M. Mesnager, B. Pon-
tet, A. Pradines, G. Branduardi-Raymont, E. Bulbul,
M. Dadina, S. Ettori, A. Finoguenov, Y. Fukazawa,
A. Janiuk, J. Kaastra, P. Mazzotta, J. Miller, G. Mini-
utti, Y. Naze, F. Nicastro, S. Scioritino, A. Simonescu,
J. M. Torrejon, B. Frezouls, H. Geoffray, P. Peille,
C. Aicardi, J. André, C. Daniel, A. Clénet, C. Etchev-
erry, E. Gloaguen, G. Hervet, A. Jolly, A. Ledot, I. Pail-
let, R. Schmisser, B. Vella, J.-C. Damery, K. Boyce,
M. Dipirro, S. Lotti, D. Schwander, S. Smith, B.-J. Van
Leeuwen, H. van Weers, N. Clerc, B. Cobo, T. Dauser,
C. Kirsch, E. Cucchetti, M. Eckart, P. Ferrando, and
L. Natalucci, The ATHENA X-ray Integral Field Unit
(X-IFU), in Proc. SPIE , Society of Photo-Optical In-
strumentation Engineers (SPIE) Conference Series, Vol.
10699 (2018) p. 106991G.
[2] J. Heyl, I. Caiazzo, K. Hoffman, S. Gallagher, S. Safi-
Harb, A. Damascelli, P. Dosanjh, L. Gallo, D. Hag-
gard, C. Heinke, D. Kirmizibayrak, S. Morsink, W. Rau,
P. Ripoche, G. R. Sivakoff, I. Stairs, T. Belloni, E. Cack-
ett, A. De Rosa, M. Feroci, A. R. Ingram, H. Marshall,
L. Stella, D. S. Swetz, and J. N. Ullom, The Colibrì High-
Resolution X-ray Telescope, in Bulletin of the American
Astronomical Society, Vol. 51 (2019) p. 175.
[3] J. A. Gaskin, A. Dominguez, K. Gelmis, J. J. Mulqueen,
D. Swartz, K. McCarley, F. Özel, A. Vikhlinin,
D. Schwartz, H. Tananbaum, G. Blackwood, J. Arenberg,
W. Purcell, and L. Allen, The Lynx X-ray Observatory:
concept study overview and status, in Proc. SPIE , Soci-
ety of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, Vol. 10699 (2018) p. 106990N.
[4] J. N. Ullomand D. A. Bennett, Review
of superconducting transition-edge sen-
sors for x-ray and gamma-ray spectroscopy,
Superconductor Science Technology 28, 084003 (2015).
[5] S. E. Busch, J. S. Adams, S. R. Bandler, J. A. Cher-
venak, M. E. Eckart, F. M. Finkbeiner, D. J. Fixsen,
R. L. Kelley, C. A. Kilbourne, S. J. Lee, S. H. Mose-
ley, J. P. Porst, F. S. Porter, J. E. Sadleir, and
S. J. Smith, Progress Towards Improved Analysis of
TES X-ray Data Using Principal Component Analysis,
Journal of Low Temperature Physics 184, 382 (2016).
[6] S. J. Lee, J. S. Adams, S. R. Bandler, J. A. Cherve-
nak, M. E. Eckart, F. M. Finkbeiner, R. L. Kelley, C. A.
Kilbourne, F. S. Porter, J. E. Sadleir, S. J. Smith, and
E. J. Wassell, Fine pitch transition-edge sensor X-ray mi-
crocalorimeters with sub-eV energy resolution at 1.5 keV,
Applied Physics Letters 107, 223503 (2015).
[7] B. Shank, J. J. Yen, B. Cabrera, J. M. Kreikebaum,
R. Moffatt, P. Redl, B. A. Young, P. L. Brink, M. Cherry,
and A. Tomada, Nonlinear optimal filter technique for
analyzing energy depositions in TES sensors driven into
saturation, AIP Advances 4, 117106 (2014).
[8] D. J. Fixsen, S. H. Moseley, B. Cabrera, and E. Figueroa-
Feliciano, Optimal fitting of non-linear detector pulses
with nonstationary noise, in Low Temperature Detectors ,
Vol. 605, edited by F. S. Porter, D. McCammon,
M. Galeazzi, and C. K. Stahle (2002) pp. 339–342.
[9] D. J. Fixsen, S. H. Moseley, B. Cabrera,
and E. Figueroa-Feliciano, Pulse estimation in
nonlinear detectors with nonstationary noise,
Nuclear Instruments and Methods in Physics Research A 520, 555 (2004).
[10] S. J. Smith, J. S. Adams, S. R. Bandler, J. A.
Chervenak, A. M. Datesman, M. E. Eckart, F. M.
Finkbeiner, R. Hummatov, R. L. Kelley, C. A. Kil-
bourne, A. R. Miniussi, F. S. Porter, J. E. Sadleir,
K. Sakai, N. A. Wakeham, and E. J. Wassell, Mul-
tiabsorber transition-edge sensors for x-ray astronomy,
Journal of Astronomical Telescopes, Instruments, and Systems 5, 021008 (2019).
[11] K. Irwinand G. Hilton, Transition-edge sensors, in
Cryogenic Particle Detection , edited by C. Enss
(Springer Berlin Heidelberg, Berlin, Heidelberg, 2005)
pp. 63–150.
[12] B. Alpert, E. Ferri, D. Bennett, M. Faverzani,
J. Fowler, A. Giachero, J. Hays-Wehle, M. Maino,
A. Nucciotti, A. Puiu, D. Swetz, and J. Ul-
lom, Algorithms for Identification of Nearly-
Coincident Events in Calorimetric Sensors,
Journal of Low Temperature Physics 184, 263 (2016).
[13] S. R. Bandler, J. S. Adams, C. N. Bailey, S. E.
Busch, J. A. Chervenak, M. E. Eckart, A. E.
Ewin, F. M. Finkbeiner, R. L. Kelley, D. P. Kelly,
C. A. Kilbourne, J.-P. Porst, F. S. Porter, J. E.
Sadleir, S. J. Smith, and E. J. Wassell, Advances
in Small Pixel TES-Based X-Ray Microcalorime-
ter Arrays for Solar Physics and Astrophysics,
IEEE Transactions on Applied Superconductivity 23, 2100705 (2013).
[14] D. McCammon, Thermal equilibrium calorimeters – an
introduction, in Cryogenic Particle Detection , edited by
C. Enss (Springer Berlin Heidelberg, Berlin, Heidelberg,
2005) pp. 1–34.
[15] D. J. Fixsen, S. H. Moseley, T. Gerrits, A. E. Lita, and
S. W. Nam, Optimal Energy Measurement in Nonlin-
ear Systems: An Application of Differential Geometry,
Journal of Low Temperature Physics 176, 16 (2014).
[16] A. M. Datesman, J. S. Adams, S. R. Bandler, G. L.
Betancourt-Martinez, M.-P. Chang, J. A. Cherve-
nak, M. E. Eckart, A. E. Ewin, F. M. Finkbeiner,
J. Y. Ha, R. L. Kelley, C. A. Kilbourne, A. R.
Miniussi, F. S. Porter, J. E. Sadleir, K. Sakai, S. J.
Smith, N. A. Wakeham, E. H. Williams, E. J. Was-
sell, and W. Yoon, Reduced-Scale Transition-Edge
Sensor Detectors for Solar and X-Ray Astrophysics,
IEEE Transactions on Applied Superconductivity 27, 2649839 (2017).
